Numerous preflight investigations were necessary prior to the exposure experiment BIOMEX on the International Space Station to test the basic potential of selected microorganisms to resist or even to be active under Mars-like conditions. In this study, methanogenic archaea, which are anaerobic chemolithotrophic microorganisms whose lifestyle would allow metabolism under the conditions on early and recent Mars, were analyzed. Some strains from Siberian permafrost environments have shown a particular resistance. In this investigation, we analyzed the response of three permafrost strains (Methanosarcina soligelidi SMA-21, Candidatus Methanosarcina SMA-17, Candidatus Methanobacterium SMA-27) and two related strains from non-permafrost environments (Methanosarcina mazei, Methanosarcina barkeri) to desiccation conditions (-80°C for 315 days, martian regolith analog simulants S-MRS and P-MRS, a 128-day period of simulated Mars-like atmosphere). Exposure of the different methanogenic strains to increasing concentrations of magnesium perchlorate allowed for the study of their metabolic shutdown in a Mars-relevant perchlorate environment. Survival and metabolic recovery were analyzed by quantitative PCR, gas chromatography, and a new DNA-extraction method from viable cells embedded in S-MRS and P-MRS. All strains survived the two Mars-like desiccating scenarios and recovered to different extents. The permafrost strain SMA-27 showed an increased methanogenic activity by at least 10-fold after deep-freezing conditions. The methanogenic rates of all strains did not decrease significantly after 128 days S-MRS exposure, except for SMA-27, which decreased 10-fold. The activity of strains SMA-17 and SMA-27 decreased after 16 and 60 days P-MRS exposure. Non-permafrost strains showed constant survival and methane production when exposed to both desiccating scenarios. All strains showed unaltered methane production when exposed to the perchlorate concentration reported at the Phoenix landing site (2.4 mM) or even higher concentrations. We conclude that methanogens from (non-)permafrost environments are suitable candidates for potential life in the martian subsurface and therefore are worthy of study after space exposure experiments that approach Mars-like surface conditions.
Introduction
M ars has long been proposed as a potential location for life within the Solar System. The presence of liquid water is, however, crucial for the origin, evolution, and preservation of life as we know it. Today, most of the water on Mars probably exists as ground ice in the subsurface, which is supported by the findings of the Gamma Ray Spectrometer on board NASA's Mars Odyssey spacecraft that detected an increasing gradient of water-equivalent hydrogen toward the martian poles (Boynton et al., 2002; Feldman et al., 2004) . Therefore, if microbial life emerged in the aqueous environments of early Mars, it either adapted to the dramatically different conditions found in the present soils; survived in well-protected relicts, which remain unknown (Horneck, 2000) ; or otherwise became extinct. Ulrich et al. (2012) discussed the potential habitability of periglacial landscapes in martian midlatitudes by relating terrestrial analogs to permafrost landforms on Mars. Subsurface permafrost environments on Mars represent potential habitable regions where extant life could have survived (Cockell, 2014; Schirmack et al., 2014) ; additionally, terrestrial permafrost is considered the most promising analog to a potential martian habitat Mickol et al., 2018) . Microbial communities in terrestrial permafrost and coldassociated environments often appear in high density and consist of specialized cold-adapted microorganisms (Wagner, 2008; Bajerski and Wagner, 2013; Mitzscherling et al., 2017) .
Methanogenic archaea offer a number of metabolic features that might be favorable for their survival in the martian subsurface. On the one hand, some genera are known to be strictly anaerobic chemolithotrophs that use hydrogen and carbon dioxide as the only energy and carbon sources. On Earth, they are found widespread in anaerobic habitats, and they appear in high numbers in extreme environments that range from permafrost to hot temperatures, high salinity, and high/low pH (Ferry, 1993) , which are conditions relevant in recent martian environments (Taubner et al., 2015) . On the other hand, methanogenic archaea produce methane as a metabolic end product. However, the presence of methane on Mars remains controversial. Despite the fact that gas was reported in some areas by the Mars Express Orbiter and the Fourier Transform Spectrometer at the Canada-France Hawaii Telescope (Formisano et al., 2004; Lefèvre and Forget, 2009; Mumma et al., 2009) , the lack of compelling evidence was later discussed by Zahnle et al. (2011) . Recent findings of the Curiosity rover confirm the existence of methane in the near-surface atmosphere of Mars (Webster et al., 2015) . Moreover, even if the presence of methane were to be confirmed, it could have been produced either biotically (by microorganisms such as methanogens) or abiotically, as a product of geological processes such as serpentinization (Krasnopolsky et al., 2004) .
Methanogenic archaea from Siberian permafrost meet many of the preconditions for survival in the martian subsurface, showing a remarkable resistance against desiccation, osmotic stress, low temperatures, starvation, radiation, and thermophysical martian conditions as compared to non-permafrost strains Morozova et al., , 2015 Morozova et al., 2015; Mickol et al., 2017) . They are also a subject of astrobiological interest for future planetary exploration missions that involve life detection Serrano et al., 2014 Serrano et al., , 2015 Mickol et al., 2018; Taubner et al., 2018) . Schuerger et al. (2012) discussed the biotoxicity of multiple martian soils and concluded that they are not likely to be overtly toxic to terrestrial microorganisms. Previous studies on methanogenic archaea have shown not only survival but active methanogenesis under desiccating conditions in the presence of martian soil simulants (Kral et al., 2011; Schirmack et al., 2015) . The martian regolith analogs used in these experiments contain terrestrial minerals and rocks that are structurally and chemically similar to those found on Mars, with a particular focus on the composition of the Noachian epoch (''early Mars'' phyllosilicatic, P-MRS), that is, rich in clays, and the Hesperian/Amazonian (''late Mars'' sulfatic, S-MRS), that is, rich in sulfate deposits (Böttger et al., 2012) . Finally, the presence of perchlorate (ClO 4 -) on Mars has potential implications for the occurrence of liquid water by lowering the freezing point in solutions (Heinz et al., 2018) , although it may be detrimental for life due to its strong oxidant nature (Stoker et al., 2010) . A concentration of 2.4 mM of perchlorate on average was reported at the Phoenix lander site, and the most abundant ion found was Mg 2+ (3.3 mM on average; Hecht et al., 2009) .
Some of the main threats that cell integrity would face under martian conditions are desiccation due to extremely low temperatures, the dehydration of the martian soils and atmosphere, and the presence of oxidants such as perchlorate. The aim of this study was to analyze the survival and metabolic activity of three methanogenic archaea from a Siberian permafrost-affected soil and two close relatives from non-permafrost habitats when exposed to single (ultralow temperatures) and multiple (regolith and atmospheric composition) simulated Mars-like desiccating parameters as well as to several concentrations of magnesium perchlorate with the intent to further progress in the complex assessment of the prospective survival and performance of methanogens as candidates for potential life in the martian subsurface. These results are also of importance for the final selection of Mars-relevant organisms for the Mars simulation experiment BIOMEX on the exposure platform EXPOSE-R2 on the International Space Station, where the approach to the radiation environment on the surface of Mars is much better achieved compared to all laboratory simulation experiments on the ground.
Materials and Methods

Methanogenic strains
Three strains from permafrost-affected soils and two strains from non-permafrost habitats were used for this study. The permafrost strains, Methanosarcina soligelidi SMA-21, (DSM 26065, Wagner et al., 2013) , ''Candidatus Methanosarcina sp. nov. SMA-17,'' and ''Candidatus Methanobacterium sp. nov. SMA-27'' were isolated from the active layer of permafrost-affected soils in the Lena Delta, Siberia (Russia). Methanosarcina soligelidi SMA-21 and SMA-17 appear as *1 mm diameter cocci, sometimes forming cell aggregates. They both show a 99.9% homology on the 16S rRNA sequence with Methanosarcina mazei (DSM 2053; Mah, 1980) . Recently, the whole genome sequence of M. soligelidi SMA-21 was published . SMA-27 cells are large rods, *3-4 mm long. According to the 16S rRNA gene, SMA-27 presents a 99.4% homology with Methanobacterium lacus strain AL-21 (Cadillo-Quiroz et al., 2014) . The non-permafrost methanogenic strains in this study are Methanosarcina barkeri DSM 8687, which was isolated from a peat bog in northern Germany (Maestrojuan et al., 1992) , and Methanosarcina mazei DSM 2053, which originates from a mesophilic sewage sludge plant in California. They are found in multiple environments and appear as irregular cocci *1 mm in diameter that often form aggregates. Cultures of both strains were purchased from the German Culture Collection of Microorganisms and Cells (DSMZ, Braunschweig, Germany).
MW medium (Bryant et al., 1971) , 10 mL. All cultures were grown in sealed (black rubber stoppers) 120 mL bottles, flushed, and pressurized to 1 bar with H 2 /CO 2 (80:20, v/v). For cultivation-based experiments, an incubation temperature of 28°C was chosen, which allows all strains an optimal growth.
Exposure to ultralow subfreezing temperatures
A temperature of -80°C was selected as a hypothetical constant (or invariable for long terms) subfreezing temperature present in numerous regions on the martian subsurface at variable depths, latitudes, and times of the year. Pure cultures were grown at 28°C in sealed bottles containing 50 mL medium, flushed, and pressurized to one atmosphere with H 2 /CO 2 (80:20, v/v). Once they reached the exponential growth phase (*12% CH 4 , approx. 3 weeks), all cultures except the controls were frozen to -80°C and kept at constant temperature (-80 +/-2°C) for 63, 152, 209, 254 , and 315 days. The controls (three replicates for each species) were used to analyze the initial gene copy numbers of viable cells and the methane production rates. They were measured only once before the samples were initially frozen. For each species and for each time point, three replicates were produced each for DNA measurements and activity measurements. The thawing process consisted of 30 min at 4°C followed by 3 h at 24°C. Cell numbers of intact cells and metabolic activity after exposure were studied by DNA quantification and by monitoring the methane production after re-incubation (between 18 and 35 days) in fresh medium (1 bar H 2 /CO 2 , 80:20, v/v; and 28°C), respectively.
Exposure to martian soil and atmospheric analogs
Two different martian regolith simulants provided by the Natural History Museum in Berlin (Germany) were used for this study. They contain mineral and rock mixtures structurally and chemically similar to those found in martian meteorites and reported by orbiters and rovers. The two regoliths, known as P-MRS and S-MRS, contain, respectively, a predominantly phyllosilicatic and sulfatic composition characteristic of two different martian geological epochs. The P-MRS mineral composition simulates mineral compositions associated with the Noachian (early Mars) and representative of hydrothermal alteration or weathering of crustal rocks and secondary mineralization. On the other hand, the S-MRS mineral composition mimics that associated with the Hesperian/Amazonian (late Mars), where prevailing cold and dry oxidizing conditions led to the formation of anhydrous iron oxides. A more detailed description can be found in the works of Böttger et al. (2012) and Schirmack et al. (2015) .
Pure cultures that were used for the inoculum of the replicates were grown in 1 L bottles with an initial pressure of 1 bar H 2 /CO 2 (80:20, v/v). For each time point (8, 16, 32, 60 , and 128 days) and species, six replicates (three for qPCR and three for activity measurements) were incubated in 120 mL glass flasks with 50 mL medium for 4 weeks with an initial pressure of 1 bar H 2 /CO 2 (80:20, v/v). The culture was centrifuged at 6000g for 50 min and 4°C under anaerobic conditions, and the volume concentrated to 5 mL. One hundred microliters of the concentrated culture were deposited in sterile 7 mm diameter pellets of the martian regolith simulants S-MRS and P-MRS and desiccated in sealed bottles containing the desiccant ''Köstrolith'' (Chemiewerk Bad Köstritz, Germany). The bottles were flushed and pressurized to 1 bar with a Mars gas mix (95.55% CO 2 , 2.7% N 2 , 1.6% Ar, 0.15% O 2 ; Mahaffy et al., 2013) . The experimental setups were kept at 28°C. After the corresponding time, six replicates for each species were used to study intact cell numbers and metabolic activity after exposure. The control regoliths (three replicates for each species at T 0 ) were measured immediately without further incubation.
Exposure to magnesium perchlorate
Magnesium perchlorate MgCl 2 O 8 (Sigma-Aldrich, St. Louis, MO) was added in triplicates at the concentration of 2.4, 25, 100, and 500 mM to 10 mL of pure culture of the studied strains grown in optimal conditions (MW/CS medium in sealed bottles flushed and pressurized to one atmosphere with H 2 /CO 2 , 80:20, v/v). A control without perchlorate was included, and the methane production of the cultures was measured during the following 50 days.
DNA extraction and quantification
After exposure to subfreezing temperatures, 1 mL of the thawed cultures was concentrated by centrifugation and treated with 20 mM propidium monoazide (PMA; Biotium, Hayward, CA). PMA binds the DNA from cells with nonintact membranes, allowing the quantification of DNA from intact cells exclusively in downstream applications (Heise et al., 2016) . The DNA extraction was performed with the UltraClean Microbial DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA).
For the experiment with the regoliths, the following DNA extraction protocol was used. Inoculated regolith pellets were transferred to Eppendorf tubes and mechanically disassembled in 500 mL of an RNA solution (10 mg mL -1
). This mix was subjected to gentle agitation in a horizontal vortex for 20 min and centrifuged at 500g for 2 min and 4°C. The supernatant containing the cells was collected and kept at 4°C, and the remaining regolith was washed twice with phosphate buffer (NaH 2 PO 4 + Na 2 HPO 4 0.12 M, pH 8; based on Ogram et al., 1987) following the steps above. The collected supernatant was treated with PMA (20 mM), and the solution was centrifuged at 10000g for 15 min and 4°C. The pellet from the last centrifugation was used for DNA extraction with UltraClean Microbial DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA).
The DNA quantification was performed by quantitative PCR (qPCR), in the cycler CFX Connect (Bio-Rad), using the universal archaeal primer pair targetting 16S rRNA (5'-3') Arch751-F CCg ACg gTg AgR gRY gAA and UA1406R Acg ggC ggT gWg TRC AA and the polymerase iTaq Universal SYBR Green Super Mix. Three technical replicates were performed for each DNA sample. The amplification process consisted of 45 cycles of 95°C, 0:03 min (denaturation); 57°C, 0:20 min (annealing); 72°C, 0:30 min (extension). The qPCR was carried out in undiluted conditions for the samples subjected to freezing and using 1:5 dilutions for the DNA extracted from the Mars analog regolith, since it contains certain inhibitors of the amplification process and optimal results were achieved by diluting the sample. The R project (R Core Team, 2014, Vienna, Austria) was used to standardize the data obtained and plot it.
Methane production analysis
Methane production was monitored in the headspace by gas chromatography during the re-incubation phase. The gas chromatograph Agilent 7890A (Agilent Technologies, Santa Clara, CA) was equipped with an HP-PLOT capillary column (Ø 0.53 mm, 30 m in length) and a flame ionization detector. The temperature in the injector was 45°C, whereas the detector reached 250°C. Helium was used as carrier gas.
Scanning electron microscopy (SEM)
Fifty milliliters of cell culture grown in optimal conditions was centrifuged at 7900g for 40 min and 4°C followed by a washing step in 100 mL of distilled water at 4600g for 30 min and 4°C. Dilutions 1:10 and 1:100 were done for a better observation of the individual cells. One microliter of the suspension was vacuum-dried onto a SiN chip, and 5 nm of wolfram (Quorum O150T S, Gala Instrumente GmbH, Bad Schwalbach, Germany) was used for sputter-coating the sample. The sample examination was carried out at room temperature using a LEO 1530 scanning electron microscope (Carl Zeiss SMT AG, Oberkochen) operated at 3 kV in SE mode (Dalle et al., 2010) . The recovery of the metabolic activity after the freezing process is illustrated by the methane production rate relative to the unfrozen conditions at the beginning of the experiment (Fig. 1B) . This parameter shows that permafrost and non-permafrost strains presented significantly different recovery rates. The permafrost strain Mb. SMA-27 presented a prominent increase in the methanogenic activity after the first exposure to frozen conditions. The methane production rate increased 10-fold compared to the nonfrozen control, and these production levels remained relatively constant until the end of the experiment. Methanosarcina soligelidi SMA-21 showed the lowest methane production rate at all of the time points in comparison to the unfrozen control. In contrast, the non-permafrost strains M. mazei and M. barkeri as well as SMA-17 showed a 2-to 5-fold decrease of their methane production rates compared to their respective nonfrozen controls after exposure to subfreezing temperatures. As indicated by the standard deviations (error bars), the data fluctuations, at specific time points after the initial freezing, were assumed as technical artifacts on those particular samples.
3.2. Survival and methanogenic activity after desiccation by exposure to martian regolith simulants and simulated martian atmospheric composition For the first time, DNA from viable cells was extracted in quantifiable amounts from S-MRS and P-MRS regolith analogs. Table 1 shows the 16S rRNA gene copy numbers from viable cells of concentrated culture per pellet versus the gene copies from viable cells extracted per S-MRS and P-MRS pellets using our protocol. The DNA recovery was partial for both regolith analogs, and the DNA levels from surviving cells were quantified by qPCR. Triplicates were used for all cultures; however, not each replicate was regrowing. With respect to the viable cell numbers, all strains survived under martian atmosphere on S-MRS regoliths ( Fig. 2A ) much better in comparison to P-MRS (Fig. 2B) , with the exception of SMA-27. SMA-27 did not show a significant decrease in the gene copy numbers at any of the time points, but at several time points an increase of one order of magnitude occurred for both Mars mineral analogs. Gene copy numbers of M. mazei, M. barkeri, and SMA-17 cultures incubated on S-MRS were constant or even increasing (60 days). On S-MRS, M. soligelidi SMA-21 showed only slight changes in the gene copy numbers until day 32. An increase of one order of magnitude was observed after 60 and 128 days of incubation. In contrast, all of the cultures showed a decrease in the gene copy numbers after 128 days of incubation on P-MRS, especially M. soligelidi SMA-21. After 8 days of incubation, none of the cultures showed a decrease in the viable cell numbers, but starting on day 16, cultures from M. barkeri, M. soligelidi SMA-21, and SMA-17 showed a decrease in the cell numbers in comparison to the controls. Methanosarcina mazei and SMA-27 cultures behaved differently, and gene copy numbers initially increased until day 16 and 60, respectively, but finally dropped at day 128.
The metabolic recovery after exposure to S-MRS and martian atmosphere is illustrated by the methane production rates (Fig. 2C) . They remained constant throughout the experiment for all strains, with a slight drop after 16 days, as was common to all strains except for M. soligelidi SMA-21. The most prominent reduction (of nearly one order of magnitude compared to the initial level) was observed for SMA-27 after 128 days of exposure.
Exposure to the analog P-MRS and a simulated Mars-like atmosphere presented varying methane production rates for each strain (Fig. 2D) . The highest relative methane production rates were observed for SMA-27 after 8 and 32 days exposed, respectively (more than a 3-fold increase compared to the controls), and the lowest correspond to SMA-17 (after 32 days), M. soligelidi SMA-21 (at 60 days), and SMA-27i (after 60 days), which represent approximately 1:1,000-1:10,000 of the initial cell populations.
The methane production rates of the non-permafrost strains (M. mazei and M. barkeri) together with M. soligelidi SMA-21 (except for 60 days) remain almost constant.
In consideration of the large standard deviations, data fluctuations at specific time points that recovered to stable levels in the following time interval (both at the DNA levels and the methane production rates) were assumed to be technical artifacts on those particular samples. The toxicity of magnesium perchlorate (MgCl 2 O 8 ) for methanogenic archaea was studied by subjecting pure cultures to increasing concentrations of the salt (2.4, 25, 100, and 500 mM). The methane production rates of each strain in the presence of MgCl 2 O 8 were monitored to observe the shutdown of the methanogenic pathway (Fig. 3) . Triplicates were used for all cultures; however, not each replicate was regrowing. The five strains showed similar methane production rates compared to their respective controls and among themselves for the concentrations of 2.4 and 25 mM MgCl 2 O 8 . At 100 mM MgCl 2 O 8 , the non-permafrost strains experienced a reduction in the methane production of about half of the initial rates, whereas the permafrost strains M. soligelidi SMA-21 and SMA-17 barely produced methane, experiencing the methanogenic shutdown at some point between 25 and 100 mM MgCl 2 O 8 . SMA-27 was most tolerant to MgCl 2 O 8 and showed activity even at 100 mM. However, the three replicates showed strong deviations in their activity, as indicated by the error bars. At 500 mM MgCl 2 O 8 , no strain showed a significant methanogenic activity, indicating that the methanogenic shutdown in permafrost strains happens later, between 100 and 500 mM MgCl 2 O 8 . Figure 4 shows SEM images of the five strains of this study. SMA-27 cells (Fig. 4A ) appear as elongated rodshaped cells, and they seem to group to a certain extent. The Methanosarcina species (Fig. 4B-4E ) are cocci of the same size (*1 mm), and at least in culture conditions, the nonpermafrost strains M. mazei and M. barkeri form large aggregates, whereas M. soligelidi SMA-21 and SMA-17 often appear as single cells or small sarcina-like clusters.
Cell morphology and aggregation
Discussion
Microorganisms have survived in permafrost environments at subzero temperatures for hundreds of thousands to millions of years (Gilichinsky, 2002) . For instance, in the Siberian Arctic, the soils are permanently frozen with the exception of the thin top layer (the active layer) that experiences seasonal freezing-and-thawing cycles with temperatures ranging from -45°C to 25°C.
In this study, we found that methanogens of the genera Methanosarcina and Methanobacterium are well adapted to extreme environmental conditions, in particular to extreme cold. The permafrost strain ''Candidatus Mb. SMA-27'' showed relative methane production rates at least 10 times higher than the nonfrozen controls after their exposure to -80°C for up to 315 days. At the same time, no noticeable reduction in the viable cell numbers was observed for SMA-27 and the two non-permafrost strains M. mazei and M. barkeri (Fig. 1) . The other two permafrost strains, M. solegelidi SMA-21 and ''Candidatus M. SMA-17,'' are less tolerant to freezing and showed a 10-to 100-fold decrease in the viable cell numbers. However, their methanogenic activity was less affected and in the range of the non-permafrost strains. This fact suggests that methanogens probably react to extreme cold by enhancing their methanogenic activity when the freezing period is over, even after exposure to temperatures well below the ones reported in their natural habitat (Wagner et al., 2003) . Cold-adapted archaea naturally have a variety of adaptations to deal with the difficulties that come along with exposure to cold, like intracellular ice formation, membrane fluidity, genetic expression, reduced enzyme activity and protein function, and altered transportation of nutrients and waste products (D'Amico et al., 2006; Alawi et al., 2015) . The adaptations aim to preserve the membrane fluidity, cover the necessities for metabolism, and regulate it in response to environmental changes (Cavicchioli et al., 2000) . Previous studies indicate that the permafrost and non-permafrost strains in this study have a different chemical composition in terms of aliphatic chain composition of lipids, aromatic amino acids, and carbohydrates among others (Serrano et al., 2015) , which may be related to cold adaptive mechanisms and therefore a differential postfreezing recovery in the two groups. This is in accordance with a newly described fatty acid that regulates the temperature adaptation in a coldadapted bacterium isolated from an Antarctic ice-free oasis Mangelsdorf et al., 2017) . Furthermore, in our study, the freezing process might have activated a cold-shock response due to the transient overexpression of cold-shock proteins (CspA) that mediate cellular processes such as transcription, translation, protein folding, and the regulation of membrane fluidity (Phadtare, 2004) . The genetically regulated cold-shock response might be a key feature for methanogens during transient periods of liquid water in terrestrial permafrost, as it also occurs probably in the martian permafrost environment. Regarding the numbers of viable cells after exposure to subfreezing temperatures (Fig. 1A) , non-permafrost methanogenic strains and the permafrost strain SMA-27 survived to a greater extent compared to M. soligelidi SMA-21 and SMA-17. It is well known that microorganisms change their cell membrane lipid inventory under cold temperature conditions in order to maintain the membrane fluidity and therefore membrane functionality (Suutari and Laakso, 1994; Mangelsdorf et al., 2009) , which is an important precondition for the survival of microorganisms under extreme temperature conditions. The freeze-thawing process represents a double stress for the cells: thermal and osmotic stress The columns show the DNA copy numbers from living cells of each strain present in 100 mL of concentrated culture (control, no regolith) vs. DNA copy numbers from living cells recovered from a pellet of P-MRS and S-MRS regolith analog with an initial inoculum of 100 mL of concentrated culture (P-MRS, S-MRS).
202
SERRANO ET AL.
FIG. 2.
Survival and metabolic recovery after desiccation by exposure to martian regolith analogs (S-MRS or P-MRS) and a simulated Mars-like atmospheric composition.
DNA copies extracted per (A) S-MRS pellet and (B) P-MRS pellet relative to the initial DNA levels; methane production rates after exposure on (C) S-MRS and (D) P-MRS relative to the initial rates. The vertical error bars drawn in the diagram indicate the range of fluctuations from replicates from which the standard deviations were calculated.
Triplicates were used for all cultures; however, not each replicate was regrowing, and therefore some standard deviations were calculated from duplicates. Extreme outliers (e.g., unusual high methane production rates) were assumed as artifacts resulting from the inhomogeneity of the inoculum and were excluded. In cases where no error bars are indicated, solely one of the replicates was growing. Color images available online at www.liebertpub.com/ast act simultaneously as the cells cool down (Muldrew and McGann, 1990) . The cooling and defrosting rates are the main factors that engender cell viability (Dumont et al., 2003) , although these parameters are not relevant for this comparative study, since all the strains were identically frozen and defrosted. Another important factor for cryopreservation is the cell size, which defines the surface-tovolume (S/V) ratio and directly determines the transfer surface for intracellular heat and mass (Dumont et al., 2004) . In this study, the differences in survival rates may have to do with cell morphology and the phenomenon of cell aggregation. The SEM images of the methanogenic strains (Fig. 4) show the cylindrical shape of SMA-27 cells, which allows for a substantially larger S/V ratio compared to round cocci and thus provides a smooth transition between the frozen and thawed state of the cell. On the other hand, the phenomenon of cell aggregation demonstrated in the non-permafrost strains (M. mazei and M. barkeri) has proven to be a microbial survival strategy that leads to a favorable lifestyle, since they live as a synergistic microconsortium (Wingender et al., 1999) . In addition, the formation of biofilms may have protected the organisms from ice-crystal damage (Thomas and Dieckmann, 2002) . Nevertheless, it must be considered that the cell morphology might have changed during exposure to subfreezing temperatures, since cold-adapted archaea have previously been shown to form multicellular aggregates embedded in extracellular polymeric substances (EPS) after exposure to subfreezing conditions (Reid et al., 2006) . The second scenario of simulated martian desiccation by exposure to martian regolith analogs and atmospheric composition presents a relevant innovation from a technical perspective. For the first time, we were able to extract quantifiable amounts of DNA from surviving cells embedded in S-MRS and P-MRS martian regolith simulants. S-MRS and P-MRS are broadly used among the astrobiology community for Mars simulation experiments, and they are also used as substrate within the BIOMEX space experiment . For instance, Baqué et al. (2013) were able to recover DNA from dried cells mixed with S-MRS and subjected to desiccation. Nevertheless, it was unknown whether the DNA belonged exclusively to viable cells or if it originated from lysed cells. The new method proposed involved a step prior to the DNA isolation, where the sample was treated with phosphate buffer (0.2 M, pH 8) and RNA (10 mg mL , and 500 mM) compared to control conditions. The vertical error bars drawn in the diagram indicate the range of fluctuations from replicates from which the standard deviations were calculated. Triplicates were used for all cultures; however, not each replicate was regrowing, and therefore some standard deviations were calculated from duplicates. Extreme outliers (e.g., unusual high methane production rates) were assumed as artifacts resulting from the inhomogeneity of the inoculum and were excluded. In cases where no error bars are indicated, solely one of the replicates was growing. Color images available online at www.liebertpub.com/ast 204 SERRANO ET AL.
the DNA recovery was different for each regolith (Table 1) , given their different mineralogical composition and therefore chemical properties. The lower DNA recovery yields from S-MRS compared to P-MRS (up to one order of magnitude lower in S-MRS for Methanosarcina species) might be due to the presence of anhydrous iron oxides on the S-MRS, since DNA molecules have two binding sites for iron (III) (Netto et al., 1991) , forming chelation complexes that might prevent the correct DNA extraction and subsequent amplification. Throughout 128 days of exposure to a regolith analog and a simulated atmospheric composition, the 16S rDNA gene copy numbers from surviving cells (despite remaining generally constant) sometimes show higher copy numbers than the controls at time 0 ( Fig. 2A, 2B ). As growth is not a possibility, given the lack of H 2 during the exposure experiment, the authors propose two possible explanations for the fluctuations observed. The first is related to minor differences in the adsorption of the inoculum deposited in each pellet; for example, pellets adsorb the inoculum to a different extent according to minimal variations in their local morphology and thickness. The second factor that might explain the fluctuations could be a differential efficiency of the PMA treatment due to dissimilarities in the turbidity of the samples, in the sense of different numbers of regolith particles in the solution. A different turbidity would lead to the differential light penetration in the final step of the PMA treatment (Heise et al., 2016) and therefore would result in different binding ratios of the accessible DNA to the PMA that would ultimately reflect on the DNA quantification.
The methane production rates after exposure to simulated martian regoliths and martian atmosphere (Fig. 2C,  2D ) suggest that S-MRS and P-MRS do not have strong effects on the recovery of the methanogenic activity of non-permafrost strains, but they seem to favor the recovery of different strains from permafrost. For instance, all the strains showed constant methane production rates after exposure to S-MRS except SMA-27, which experienced a reduction of nearly one order of magnitude after 128 days, although the DNA levels and therefore the survival ( Fig. 2A) remained relatively constant. On the other hand, after exposure to P-MRS, the non-permafrost strains and M. soligelidi SMA-21 showed a complete recovery of the methanogenic activity, whereas SMA-27 and SMA-17 experienced a reduction in the methanogenic activity. The decrease in activity of M. soligelidi SMA-21 at day 60 might be caused by a technical artifact, because at day 128 the activity is in the range of the other time points and comparable to the activity rate of the control. For SMA-17, the reduction in the methane production rates corresponds with a reduction in the gene copy numbers (Fig. 2B) and therefore in the survival.
The third simulated martian scenario was exposure to a perchlorate solution. This first approach to study the methanogenic activity threshold in the presence of magnesium perchlorate MgCl 2 O 8 (Fig. 3) demonstrated that the non-permafrost strains are generally more resistant to this salt than permafrost strains (metabolic shutdown in nonpermafrost strains happened at <500 mM vs. <100 mM in permafrost strains, except for SMA-27). The plausible reason underlying the differences in the resistance to perchlorate might rely on the formation of cell aggregates that protect the cells against adverse conditions (as in exposure to extremely low temperatures). This is supported by the fact that biofilm cells tolerate higher concentrations of many biocides (Flemming and Wingender, 2001 ). However, all strains showed methane production rates similar to control conditions at 2.4 mM MgCl 2 O 8 , the average concentration of perchlorate on Mars reported at the Phoenix landing site (Hecht et al., 2009) . We have to emphasize, however, that the concentrations observed by Phoenix were in the dry state in contrast to the liquid medium used in our experiment for optimization of growth conditions. Liquid medium was a necessity in that the cultures used in the present study were very slow growing on solid media, which might have taken up to several months longer for completion of the study. This difference is important to take into account because use of the liquid medium more closely resembled observed Mars-like conditions. We cannot exclude that the dry state of perchlorate might also have had an impact on methane production of the tested archaea. Despite the fact that perchlorate is a strong oxidant, it is highly soluble and remains chemically stable in solution, as in this experiment (Urbansky, 1998) . Though perchlorate is expected to be more reactive when in a solid state in combination with minerals, the fact that there is no effect on methane production in the presence of 2.4 mM MgCl 2 O 8 in liquid medium represents a relevant finding. Furthermore, the results in our study regarding exposure to perchlorate are consistent with those reported by Goodhart and Kral (2010) , who exposed several methanogens to perchlorate concentrations up to 1% (45 mM) and registered methane production in similar levels to the controls.
Conclusion
This study shows that methanogenic archaea are metabolically active and able to survive in high, relatively constant numbers after long-term exposure to three types of simulated martian desiccating scenarios as follows: (i) stable subfreezing temperatures (-80°C) that may occur in the martian subsurface, (ii) the combination of a martian regolith simulant with the chemical composition of early/late Mars under simulated martian atmospheric conditions, and (iii) the presence of magnesium perchlorate MgCl 2 O 8 in the culture medium. The results of this study broaden previous studies' findings on methanogenic archaea under Mars-like conditions, which support the fact that methanogens are suitable model organisms for potential life-forms in the martian subsurface and the possibility that Mars, at present, is habitable. To further understand survivability within a radiation environment like that of Mars, researchers have selected these organisms for use in the low Earth orbit experiment BIOMEX, which will focus on the limits of life and the habitability of Mars.
